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Gettering of Cu impurities to cavities induced in separation by implantation of oxygen ͑SIMOX͒ substrates has been investigated. The cavities were introduced beneath the buried oxide layer ͑BOX͒ of SIMOX by H ϩ implantation and subsequently annealing. 5ϫ10 13 /cm 2 or 5ϫ10 15 /cm 2 of Cu impurities were implanted in the top Si layer. The results indicate that the BOX layer does not appear to prevent the movement of Cu at temperatures higher than 700°C. Profiles of Cu indicate that 92% of the initial 5ϫ10 13 /cm 2 Cu has diffused through the buried oxide layer and been captured by the cavities, with 1% of Cu left in the top Si layer after a 1000°C annealing, and 73.6% of the 5ϫ10 15 /cm 2 Cu is gettered to the cavities with 13% of Cu in the top Si layer. The gettering effect of cavities is stronger than the damage around the BOX. H
ϩ implantation-induced cavities have been demonstrated to be an effective method to getter Cu impurities away from the top Si layer in SIMOX substrates. © 1998 American Institute of Physics. ͓S0003-6951͑98͒03607-9͔
Separation by implantation of oxygen ͑SIMOX͒ materials have a number of advantages for fabricating complementary metal-oxide-semiconductor ͑CMOS͒ devices, such as radiation hardness, high speed performance, and high temperature operation. 1, 2 During the fabrication of SIMOX, however, metal impurities are easily introduced into the wafers. Because the presence of a high concentration of metals in the top Si layer of SIMOX will deteriorate devices built into this region, 3, 4 the metals must be removed away from the top Si layer. However, the BOX located between the top Si layer and the Si substrate in SIMOX can prevent metals from diffusing through it. Some traditional gettering methods may not be effective enough to reduce the concentration of metal impurities in the top Si layer to a necessary level. Thus, it is very important to create more favorable trapping sites to remove the impurities away from the active device regions in SIMOX.
Recently, it has been found that cavities induced by H ϩ or He ϩ implantation and subsequent annealing can effectively getter transitional metal impurities such as Cu, Ni, etc. in bulk Si. [5] [6] [7] [8] However, the multilayer structure of SIMOX is more complicated than bulk Si and it is expected that the gettering of metals in SIMOX is more complex. In this letter, a cavity band has been introduced in the Si substrate of SI-MOX beneath the BOX layer by H ϩ implantation and subsequent annealing, and the gettering of copper to such a cavity band in a SIMOX substrate has been studied for the first time. Our results demonstrate that after annealing at 1000°C for 2 h, the implanted Cu in the top Si layer can be strongly gettered by the cavities in the Si substrate.
Two sets of SIMOX samples were used in this study.
Device grade n-type Si wafers of ͗100͘ orientation were used to fabricate SIMOX wafers. For the first set of samples ͑#1͒, oxygen ions with a dose of 3.3ϫ10 17 /cm 2 were implanted at an energy of 70 keV at 600°C. For the second set of samples ͑#2͒, the dose and energy of oxygen implants are 1ϫ10 18 /cm 2 and 90 keV, respectively, and the substrate temperature was 550°C. After the O ϩ implantation, these two sets of wafers were annealed at 1300°C for 6 h in an Ar ϩ0.5% O 2 ambient. The final SIMOX substrate then consists of a buried stoichiometric SiO 2 layer, about 80 nm ͑210 nm͒ thick, with an overlayer of 110 nm ͑70 nm͒ of single crystal silicon for #1 ͑#2͒.
The SIMOX wafers were first implanted with 4ϫ10 16 /cm 2 H ϩ . The implanted energies of H ϩ for #1 and #2 are 50 keV and 70 keV, respectively. These H ϩ implanted SIMOX wafers were annealed at 500°C for 4 h in N 2 ambient to form a cavity band in the Si substrate. 5ϫ10 15 /cm 2 Cu ϩ ͑#1a͒ and 5ϫ10 13 /cm 2 Cu ϩ ͑#2a͒ were respectively implanted into the top Si layer of #1and #2 at an energy of 70 keV. In order to demonstrate the gettering effect of the cavities more clearly, another #1 SIMOX sample, which had not been irradiated by H ϩ , was also implanted with 70 keV, 5ϫ10 15 /cm 2 Cu ϩ ͑#1b͒. All the H ϩ and Cu ϩ implantation in this study was performed at room temperature. Finally these samples were annealed at 700°C and 1000°C for 2 h in flowing N 2 . The specimens were characterized by crosssectional transmission electron microscopy ͑XTEM͒ and secondary ion mass spectroscopy ͑SIMS͒. Figure 1 shows the XTEM image of #1a which has been annealed at 1000°C for 2 h. It can be seen that the upper Si/SiO 2 interface and lower SiO 2 /Si interface are sharp, and little damage can be observed around the BOX. In the top Si layer, some precipitates have been generated by the Cu ϩ APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 7 16 FEBRUARY 1998 implantation and subsequent annealing. Beneath the BOX layer, a cavity band has formed at a depth of about 500 nm from the surface, corresponding to the projected range of H ϩ implantation. The diameter of the cavities varies from 20 to 100 nm. Some dark cavities have been observed in this sample, indicating the precipitation of Cu in these cavities. Wong-Leung et al. have shown that when the dose of Cu implants exceeds a monolayer coverage at the cavity walls, the bulk Cu 3 Si phase can be formed within the cavity volume. 5 Our observation is in agreement with their conclusion.
The SIMS results of #1b before and after annealing are reported in Fig. 2 . The O and Si profiles are shown mainly for depth comparison. The O and Si profiles indicate a clear region of constant oxygen concentration ͑stoichiometric SiO 2 ). The oxygen concentration at the upper Si/SiO 2 interface increases very rapidly, but the lower SiO 2 /Si interface is not so sharp. This result indicates that the oxygen concentration at the lower edge of the BOX in #1 SIMOX is not high enough to form stoichiometric SiO 2 : therefore some components such as SiO may be present there. From Fig. 1 we can see that the Cu in the as-implanted sample is confined near the surface. After the 1000°C annealing, Cu has redistributed and exhibits two peaks. Peak A is located near the surface and decays almost exponentially with depth. The existence of peak A suggests that the damage induced by a high dose of heavy metal cannot be totally removed at 1000°C and the residual defects can capture Cu impurities or provide precipitation sites. Peak B is at the lower SiO 2 /Si interface and can be attributed to metal segregation at a region of substantially lower stoichiometry and effective damage, probably to the dangling Si bonds in SiO. In addition to these two peaks, the Cu background yield in the Si layer just beneath the BOX layer is also quite high, indicating that some of the implanted Cu impurities have accumulated there.
However, no defects can be observed in this region by XTEM in this study. The observed impurity accumulation in this region may be related to the lattice deformation which arises from the formation of the BOX layer. The gettering of Cu to the interfaces of the BOX layer and to the thin Si substrate beneath the BOX layer has been observed previously by Kamins and Chiang. 9 Note that in Fig. 2 there is no Cu peak at the upper Si/SiO 2 interface which is very sharp. The different distributions of Cu at the two BOX interfaces demonstrate that Cu preferentially precipitates at interfaces where major nonstoichiometry or damage exists. The metal concentration is much lower in the stoichiometric oxide region. These results indicate that both the residual irradiation damage induced by Cu ϩ implantation and the damage regions around and beneath the BOX layer are gettering sites for the implanted Cu impurities. Although some of the implanted Cu has been gettered in the regions around and beneath the BOX layer, 54% of the implanted Cu remains in the top Si after the 1000°C annealing. Therefore stronger gettering sites are needed to reduce the Cu concentration in the top Si. Figure 3 gives the SIMS results of #1a annealed at 1000°C. Obviously, the Cu profile in this figure is significantly different from that in Fig. 2 . There are four Cu peaks in Fig. 3 ͑labeled A, B, C , and D͒. The near surface peak ͑A͒ and lower SiO 2 /Si interface peak ͑B͒, which are the only two Cu peaks in Fig. 2 , are also observed in Fig. 3 . It should be noted that the Cu concentration of peak B is lower in Fig. 3 by more than an order of magnitude compared with Fig. 2 , and only 2.9% of the implanted Cu remains at peak B in Fig.  3 . We attribute the great decrease of peak B to two reasons. First, this behavior is clearly related to the H ϩ implantation and the existence of cavities beneath the BOX. The dangling Si bonds on cavity walls are expected to be highly reactive and trap some metal impurities, such as Cu, strongly by chemisorption. 5, 7, 10 This behavior is observed in the present study, where Cu diffuses through the BOX and is trapped at the cavities, resulting in a decrease of Cu at the lower Si/SiO 2 interface. Another reason for this case may be a result of the H-implantation and annealing which modifies the BOX layer and interfaces. Note in Fig. 3 that some H is trapped by the BOX layer. Peak D located at the depth of the cavity band is the strongest peak, and 73.6% of the implanted high dose of Cu has been trapped at the void band. 10.4% of the implanted Cu is located at peak C which is located mid-way between the back interface of the BOX layer and the cavity band. This may arise from the lattice deformation induced by the formation of the BOX and cavities. Only 13% of the implanted Cu remained at the residual Cu implantation damage induced by high dose Cu ion implantation. In order to demonstrate the efficiency of the gettering effect of the cavities more clearly, a lower dose of Cu ϩ (5ϫ10 13 /cm 2 ) was implanted in another SIMOX wafer ͑#2͒, which contains a thicker BOX layer than that of #1. Figure 4 illustrates the SIMS depth profiles of #2a after annealing at 700°C and 1000°C. Following the 700°C annealing, 66% of the implanted Cu has been captured by the cavities with 14% of Cu remaining in the near surface peak and 17% of Cu in the BOX. Increasing the annealing temperature to 1000°C, the amount of Cu gettered by the cavities increases to 92% and only 1% of Cu is left in the top Si. 6.4% of Cu is located in the BOX.
Based on the above observations the gettering mechanism remains unclear and could involve the relaxationinduced gettering 11 and regregation gettering. 12 After implantation, the local Cu concentration far exceeds the equilibrium solubility limit. Upon annealing, Cu diffuses from the near surface region through the BOX layer. The dangling Si bonds at the cavity walls can trap some of the Cu impurities strongly by chemical absorption at the annealing temperature. Further precipitation may occur on cooling.
In conclusion, cavities have been formed in the substrate of the SIMOX wafers by 4ϫ10 16 /cm 2 H ϩ implantation and subsequent annealing. The gettering effect of these cavities to Cu impurities, which were implanted into the top layer of SIMOX wafers at different doses, has been studied. After a 1000°C annealing, some of the high-dose implanted Cu ϩ (5ϫ10 15 /cm 2 ), in the SIMOX wafers without H ϩ implantation, is captured by the residual defect from Cu ϩ implantation and also by the damage around the BOX. However, 54% of the implanted Cu remains in the top Si in this case, while 73.6% of the Cu in the H ϩ implanted SIMOX wafers has diffused through the BOX and been captured by the cavities beneath the BOX layer. In this latter case, the amount of Cu left in the top Si layer reduces to 13%. For the SIMOX implanted with both H ϩ and a lower dose of Cu ϩ (5ϫ10 13 /cm 2 ), 92% of the implanted Cu is trapped by the cavities after annealing at 1000°C for 2 h. The gettering effect of these H-induced cavities has been demonstrated to be much stronger than the damaged region around the BOX.
